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ABSTRACT 

We present mid-infrared Spitzer Space Telescope observations of a complete sample of star-forming 
dwarf galaxies selected from the KPNO International Spectroscopic Survey. The galaxies span a wide 
range in mid-infrared properties. Contrary to expectations, some of the galaxies emit strongly at 8 
/zm indicating the presence of hot dust and/or PAHs. The ratio of this mid- infrared dust emission 
to the stellar emission is compared with the galaxies' luminosity, star-formation rate, metallicity, and 
optical reddening. We find that the strength of the 8.0/xm dust emission to the stellar emission ratio 
is more strongly correlated with the star-formation rate than it is with the metallicity or the optical 
reddening in these systems. Nonetheless, there is a correlation between the 8.0 /im luminosity and 
metallicity. The slope of this luminosity-metallicity correlation is shallower than corresponding ones 
in the B-band and 3.6 /im. The precise nature of the 8.0/im emission seen in these galaxies (i.e., PAH 
versus hot dust or some combination of the two) will require future study, including deep mid-IR 
spectroscopy. 

Subject headings: galaxies: dwarf, galaxies:starburst, infrared: galaxies, galaxies: abundances, dust, ex- 
tinction 



1. INTRODUCTION 

Low-mass, low-metallicity systems are the build- 
ing blocks in hierarchical galaxy formation scenarios. 
Star-formation processes in these systems may play 
a critical role in the evolution of galaxies including 
the feedback of metals into the intergalactic medium 
llMac Low and Ferraral 119991 iFerrara and Tolstovl l2000t 



Silic h and Tenorio-Taglell200lk the suppression of low- 
mass halos that are over- produced in semi-ana lytic mod- 
els of galaxy formation ( Kravtsov et al.lf2004|) . and the 
color evolution of galaxies. Nearby actively star-forming 
dwarf galaxies are possible analogs to these high redshift 
systems. These galaxies are gas-rich, metal poor, and un- 
dergoing bursts of star formation in the local universe. 
As low-redshift systems, these galaxies can be studied in 
much greater detail than is possible for galaxies in the 
high redshift universe. 

At visible wavelengths dwarf star-forming galaxies are 
very blue and exhibit strong nebular emission lines. 
Many of the systems are very compact with morphologies 
like large HII regions, although some do resemble dwarf 
irregular or dwarf spiral galaxies. At longer wavelengths 
dust emission from reprocesse d starlight is a goo d tracer 
of star formation in galaxies l)Dwek et alJl!99cf) . How- 
ever, observations of a sample of emission-line galaxies 
with the Infrared Astronomical Satellite (IRAS) have in- 
dicated that dwarf star-forming galaxies are less likely to 
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be detected in the f ar infrared than their hig her lumi- 
nosity counterparts l)Salzer fc MacAlpind 119881) . These 
galaxies could be more difficult to detect in the FIR due 
to a lack of dust, a different dust grain size distribu- 
tion, or a different dust temperature distribution. The 
mid-infrared to millimeter spectral energy distributions 
(SEDs) of a small number of nearby dwarf galaxies se- 
lected for their high star-formation rates indicate that 
some dwarf star-forming systems do contain a significant 
amount of dust but that the systems prob ably lack PAHs 
and have a small average dust grain size l)Galliano et alJ 
l2?Ml20l)l . 

The launch of the Spitzer Space Telescope 
ijWerner et al.l l2004|) has opened up a new window 
on the study of star-f ormation processe s in galaxies. 
The IRAC instrument l|Fazio et al.l 120041) in particular 
allows us to measure both the stellar emission and 
the hot dust and PAH emission in local galaxies. One 
of the first dwarf galaxies to be examined in detail 
with Spit zer was the blue c ompact dwarf galaxy SBS 
0335-052 l|Houck et all [20041. This galaxy with one of 
the lowest known metallicities (Z« /20. Ilzotov et alJ 
1199 7ft ■ i s known to have dust but it lacks PAH emission 
<|Thuan et all Il999t iPlante and Sauvagel 12001 . The 
mid-infrared flux from the galaxy is dominated by a 
cold dusty envelope (^65 K) and shows evidence for a 
warm dust component (~150 K) While SBS 0335-052 
is an unusual system, iHogg et all (|2005D examined the 
mid-infrared color s of_~10 low luminosity galaxies and 
Engcl bracht et all l)2005fl examined a sample of low 
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metallicity galaxies with Spitzer and both concluded 
that a significant fraction of the low-luminosity and 
low- metallicity syst ems show a d eficit of PAH emission. 
In the case of the iHogg et all l)2005l) data, there are 
no spectra to discern the diff erence between PAHs and 
a hot dust continuum but lEngelbracht et all (2005) 
do have spectra and draw the same conclusion - the 
mid-infrared shows a PAH deficit but an 8.0 /im excess 
consistent with hot dust emission. 

Overall, only a small sample of dwarf galaxies has been 
looked at with Spitzer to date. We present the first de- 
tailed look at a statistically complete sample of dwarf 
galaxies known to be undergoing a burst of star forma- 
tion. In §2 we discuss the selection of this sample, the 
optical and infrared observations and the data reduction. 
In §3 we present the observational results for the sample 
from the optical, near infrared, and mid-infrared data 
and then we discuss those results in §4. 

2. SAMPLE SELECTION, OBSERVATIONS, AND DATA 
REDUCTION 

2.1. KISS Observations 

The KPNO International Spectroscopic Survey (KISS) 
is a modern objective-prism survey that combines 
the methodology of many of the classic wide-field 
color- and line-sele cted surveys (e.g . . lMarka rianlll967l 
[ Smith et alJ Il97fit iMacAlpine et alJ Il977t iWasilewskil 
119831 iZamorano et al.lll994|) with the higher sensitivity 
of a CCD detector. The sur vey method is described in 
detail bv iSalzer et all l|200ff) . KISS selects objects for 
inclusion in the survey lists if they possess a strong (> 
5a) emission line in their low-dispersion objective-prism 
spectra. The survey has been carried out in two dis- 
tinct spectral regions: the blue portion (4800 - 5500 A) 
where the primary line observed is [O III]A5007, and the 
red region (6400 - 7200 A) where galaxies are selected by 
their Ha emission. To date, the survey has produced one 
list of emission-line galaxy (ELG) candidate s in the blue 
llSalzer et al.l 120021) and three in the red llSalzer et al.1 
l200lHGronwall et alJ20"ollJangren et al.l2005l hereafter 
KR3). For the current study, we have selected a sample 
of dwarf star- forming galaxies from KR3. This survey 
list was derived from objective-prism data taken of the 
NOAO Deep Wide-Field Survey (NDWFS) area located 
in Bootes. Both of the NDWFS fields were targeted by 
KISS to take advantage of the tremendous amount of 
multi-wavelength data planned for these areas. 

All of the KISS ELG candi dates in the Bootes field pos- 
sess follow-up slit spectra (ISalzer et al.ll2005aj) . Higher 
dispersion follow-up spectra are necessary in order to ver- 
ify the reality of the putative emission lines seen in the 
objective-prism spectra. In addition, the survey data 
alone do not have sufficient dispersion or spectral range 
to provide accurate redshifts or to distinguish between 
the various activity types that might be present in a line- 
selected sample (e.g., star-forming galaxies vs. AGNs). 
These follow-up spectra provide us with a great deal 
of useful information (e.g., accurate redshifts, emission- 
line fluxes and line ratios, reddening and metallicity esti- 
mates). The combination of the accurate B and V pho- 
tometry from the original survey lists with these follow- 
up spectra allow for the construction of a fairly complete 
picture of the properties of the KISS ELGs. 

The selection of the KISS galaxies from the KR3 list 



was defined by several criteria. For emission-line galaxies 
selected by their Ha emission (in the red), the redshift 
limit of the survey is z — 0.095. The two selection criteria 
used to define the sample were that the galaxies exhibit 
spectra consistent with excitation by star-formation pro- 
cesses (i.e., AGNs were excluded), and that they have a 
B-band absolute magnitude Mb > —18.0 (for H = 75 
km s _1 Mpc -1 ). Thus these galaxies are selected to be 
star-forming dwarf galaxies. These criteria produced a 
list of 26 galaxies within the NDWFS Bootes area. How- 
ever, of those 26 galaxies, only 19 overlap with the Spitzer 
Shallow Survey area because the Spitzer survey field is 
smaller than the NDWFS field. We discuss only these 19 
galaxies in our analysis. Table 1 presents the KISS data 
for this sample. 

All magnitudes discussed in this paper are Vega rela- 
tive magnitudes. 

2.2. 2MASS and NOAO Deep Wide-Field Survey Data 

The field from which our sample of 19 dwarf 
star-forming galaxies was drawn has multi-wavelength 
optical and infrared coverage from the NDWFS 
ijJannuzi and Devll 999: J annuz i 2005r lDevl200l and the 
2 Micron All-Sky Survey (2MASS). The NDWFS pro- 
vides B, R, and I-band data that complement the broad- 
band B and V band optical data from the KISS survey. 
K-band data from the NDWFS are also available for 11 
of the 19 galaxies in the field. The K-band for the re- 
maining galaxies are not yet publicly available from the 
NDWFS. 

The 2MASS data have been included in this table for 
completeness and as a reference for future work with this 
sample even though we do not use the data here. The 
2MASS data are only deep enough to detect four galaxies 
in this sample. Because these four sources are compact 
and near the 2MASS detection limits, they are only iden- 
tified in the point source catalog. The photometry avail- 
able from the NDWFS is more reliable than the 2MASS 
data. Note that for the 2 sources for which 2MASS and 
NDWFS data exist, the NDWFS measurements are much 
brighter. The 2MASS point source measurements are 
missing a lot of the extended galaxy flux that is below 
the detection limit of the survey. 

The agreement between the KISS and NDWFS B-band 
photometry is excellent for all of the galaxies except KISS 
2344. This object is very extended and was not well fit 
by the automated NDWFS software (SExtractor "auto" 
magnitudes are used, iBertin and Arnoutsl 11996ft . which 
underestimated the flux of this source by a magnitude 
relative to the KISS value. For the rest of the sam- 
ple, however, the average difference between the KISS 
and NDWFS magnitudes for the rest of the sample is 
only 0.04 magnitudes. Table 2 contains the NDWFS and 
2MASS photometry for the 19 galaxies in the sample. 

2.3. Spitzer Observations 

Using the Infrared Array Camera (IRAC) aboard 
the Spitzer Space Telescope, the majority of the ND- 
WFS was mapped at 3.6 - 8.0 fiva in January 2004 
ijEisenhardt et all 12004). This project, known as the 
IRAC Shallow Survey, covered 8.5 square degrees - most 
but not all of the NDWFS field. The observed region 
was selected to have the lowest background in the IRAC 
bands. Because not all of the NDWFS field is covered, 
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Fig. 1. — Three color composite images at 3.6, 4.5, and 8.0 fim 
(blue, green, and red respectively). These images have not been 
point-source subtracted. Redshifts are indicated for all objects. 
JPEG file of figure is included with the download. 



three of the 26 KISS galaxies in this field are just off the 
eastern edge of the field and four are in the southeast 
corner of the field where there is a hole in the coverage. 
For the remainder of the paper we discuss only the 19 
sources with coverage in the Spitzer IRAC bands. Each 
position in the survey field was covered with three 30 s 
IRAC frames, resulting in a depth of 19.1, 18.3, 15.9, and 
15.2 Vega magnitudes (5a) at 3.6, 4.5, 5.8, and 8.0/im, 
respectively. This depth was reached by tiling the 5' x 
5' IRAC FOV over the field. 

The basic image processing and mosaicing of the 
Spitze r data are discussed in detail bv lEisenhardt et al.l 
(2004). From the resulting mosaiced images (Version 
1.1), postage stamps 100 x 100 pixels in size were ex- 
tracted for our sample galaxies (except for KISS 2344 
which is more extended so we extracted a 200 x 200 pixel 
postage stamp, the pixel scale for all postage stamps is 
0.86" per pixel). 

Figure ^ shows three color images for all of the galax- 
ies in the sample. The images, created prior to the point 
source subtraction, provide a look at the colors and mor- 
phologies of the objects in the sample. 

Because of the high point source density in the fields, 
we subtracted point sources from the 3.6 and 4.5 (im data 
prior to deriving photometry for the galaxies. In the 3.6 
/im band 7 - 39% of the flux in the aperture is due to 
the point sources in the vicinity of our galaxy. The flux 
due to point sources in the 4.5 fim band is less than in 
the 3.6 /im band for most sources, but the range is from 
~3 - 36%. The point source removal was done using the 
APEX program within the MOPEX package provided 
by the Spitzer Science Center. The PSF used was con- 
structed by Marengo et al. (2005) and was smoothed to 
match the resolution of the mosaiced images and then 
used by the APEX program to identify candidate point 
sources in the images. We defined the APEX detection 
parameters so that all of the stars were selected, but the 
result was that non-stellar peaks in faint parts of the 
galaxy were also identified. The point sources selected 
by APEX were then checked by hand in order to elimi- 
nate non-stellar sources from the point source list. The 
resulting point sources were then subtracted from the 3.6 
and 4.5 /im images. Overall the point source subtraction 
worked well, but the centers of the brightest stars which 
are non-linear or saturated left a residual. For the 5.8 
and 8.0 Lira data, the point source density was not high 
enough to warrant point source subtraction as was done 
in the shorter wavelength bands. 

Galaxy photometry was performed on the processed, 
mosaiced, and, for the 3.6 and 4.5 /im images, point 
source-subtracted images using the ELLIPSE routine 
within IRAF. Point sources in the 5.8 and 8.0 /im bands 
and post point source subtraction residuals in the 3.6 and 
4.5 /im bands were masked using ELLIPSE. An ellipti- 
cal aperture was fit to the galaxy, the aperture ellipticity 



and position angle were fixed, and then apertures were 
computed over the background region beyond the extent 
of the galaxy. The level determined from the background 
annulus was then used to subtract the local background 
from the image. After the subtraction, the fitting was 
rerun using these same aperture parameters out to the 
largest radius before the background was reached as de- 
termined from the curve of growth of the flux. The aper- 
ture defined by the 3.6 Lira data was then used to de- 
termine the flux in the other bands. The results of the 
IRAC photometry are presented in Table 3. 

3. RESULTS 

The combination of the optical and IRAC observations 
provide a probe of stellar and dust emission in galaxies 
in the local universe. FigureEJshows a template SED for 
an irregular ga l axy. T his SED template is based on the 
iColeman et al.l (1 19801) d istribution derived in the optical 
and the lLu*^taI.I l)2003() distribution in the infrared. The 
template is an empirical derivation of the SED extrapo- 
lated between the available bands. The optical bands, as 
well as the 3.6 and 4.5 /im IRAC bands probe the stellar 
emission from the galaxy. The 3.6 and 4.5 fjxa bands, 
while dominated by the stellar emission, can also be in- 
fluenc ed by hot dust emis sion (particularly the 4.5 /im 
band; iRoussel et al~ll2005^ . The 5.8 and 8.0 /im IRAC 
bands probe the Rayleigh-Jeans tail of the hot dust con- 
tinuum as well as the PAH emission features from the 
galaxy. There is a degeneracy between the slope of the 
hot dust continuum and the strength of the PAH emis- 
sion features which does not allow us to distinguish be- 
tween them using broad-band color information. For this 
analysis we focus on the 3.6 /im and the 8.0 /im emission 
as probes of the stellar and PAH or hot dust emission 
in the galaxies that we are studying. The [3.6] — [8.0] 
color provides a measure of the dust-to-stars ratio in the 
galaxies. 

The points in Figure[3show SEDs for two of the galax- 
ies in this sample to illustrate the differences in their 
properties. The circles show the SED for KISS 2309 
while the triangles show the SED for KISS 2349. The two 
SEDs have been normalized so that they overlap in the 
K-band. The optical/near-infrared photometry has been 
computed in different apertures for the KISS and ND- 
WFS data, but the extremely good correlation between 
the magnitudes measured in the B-band (a — 0.04) indi- 
cates that the values are consistent. A fixed aperture is 
used for all of the mid- infrared measurements, but this 
are not the same aperture as used in the optical/near- 
infrared. Because we use a large aperture intended to 
contain all of the light, the aperture corrections between 
the mid-infrared and the optical/near- infrared should be 
small. The application of an aperture correction would 
result in a small vertical shift for all of the mid-infrared 
points in Figure El 

Figure [21 illustrates the relationship between the mid- 
infrared colors of two sample galaxies and the general 
shapes of their SEDs. We leave a discussion of the de- 
tailed SED fitting to a forthcoming paper. The KISS 
2349 SED has a very red [3.6] - [8.0] color ([3.6] - [8.0] 
= 2.92). This SED clearly shows evidence for hot dust 
or, possibly, PAH emission. By contrast, the SED of 
KISS 2309 continues to fall into the mid-infrared show- 
ing much less hot dust or PAH emission ([3.6] — [8.0] 
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Fig. 2. — An empirical irregular galaxy spectral template showing stellar emissio n at short wavelengths and 
the dust- emission i n the mid-infrared. The template is based on the Coleman ct al. ( 198(j) SED in the optical 
and the ILu et alJ 12003ft SED in the infrared. The IRAC filter sensitivities as well as B, V, R, I, and K- 
band filter response functions are shown (B and V are Schmidt filters while R and I are Mosaic filters from 
|http://www .noao.edu/kpno/ flhjers/fih^sJTtml]_The K-ba nd data are from [ http://www.noao.e du /kpno / manuals / onis / mopopulation. html 
and the 1HACJ data are from http://ssc.spitzer.caltech.edu/documents/som/ ) The points show the S-blDs tor KISS 2309 (circles) and KISS 
2349 (triangles). These galaxy SiUDs have been scaled to the same value in the K-band for comparison. These SEDs illustrate the range 
of mid-infrared colors observed in this sample. 



= 1.21), but the colors are still in excess of the extrap- 
olation of the stellar portion of the template. All of the 
galaxies in this sample show evidence for 8.0 fim emis- 
sion in excess of the stellar light. Both galaxies show 
extremely blue optical colors even relative to the K-band 
flux. These galaxies are dominated by a young stellar 
population even relative to an average irregular galaxy. 

3.1. Properties of the Sample 

Despite the low detection rate for star-forming 
dwarf galaxies at lon ger infrared wavelengths 
llSalzer fc MacAlpind lT988). we detected all 19 galaxies 
in all four bands with only a short exposure time. Only 
at 5.8 /im are a couple of the galaxies approaching 
the detection limit of the instrument because of the 
combination of lower sensitivity at these wavelengths 
and a minimum in the spectral energy distribution as 
can be seen in Figure |21 In particular, the detection of 
these galaxies at 8.0 /im indicates more emission from 
hot dust and/or PAHs than might be expected for such 
low-luminosity and generally low-metallicity systems. 
Figure |3 shows the distribution of fluxes at 3.6 and 8.0 
/im for the galaxies in the sample. 

The galaxies have been selected to be low-luminosity 
systems with a luminosity limit of Ms > —18.0- one 
galaxy that is at this limit within the errors (Mb = 
— 18.01) is also included. After correcting for inter- 
nal extinction using the ad hoc method developed by 
iMelbourne and Salzerl l|2002j) we have found that three 



additional objects are significantly higher luminosity 
galaxies. There are two additional galaxies for which 
the spectra are not of high enough quality to determine 
whether an extinction correction is appropriate. These 
are the two systems in Table 1 that do not have mea- 
sured metallicities. We continue to include all nineteen 
galaxies in the sample and indicate which galaxies do 
not have a measured internal extinction correction and 
which galaxies do not have measured metallicities. We 
analyse the higher-luminosity galaxies separately since 
they are not actually part of the dwarf galaxy sample. 
The distributions of B, 3.6 /im, and 8.0 /im absolute 
magnitudes are shown in Figure 0] The black B-band 
histogram shows the uncorrected magnitudes while the 
shaded grey histogram shows the magnitudes corrected 
for internal extinction. The median magnitudes for the 
sample are Mso=-17.67 (corrected for internal extinc- 
tion), M 3 . 6 = -20.68, and M 8 . =-22.87, shown in the fig- 
ure with dashed lines. 

As an objective prism survey, KISS detects galaxies 
based on the presence of emission lines rather than a 
broad-band flux limit. The emission- line detection makes 
this survey sensitive to more distant dwarf galaxies than 
a traditional flux-limited sample. The dwarf galaxies rep- 
resented in this study have distances up to 295 Mpc 
and have a median distance of 115 h? 5 Mpc. The distri- 
bution of velocities for the sample is shown in Figure |3J 
The dwarf sample is shown with the shaded histogram, 
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Fig. 3. — The distribution of fluxes (in mjy) at 3.6 and 8.0 fim for the sample galaxies. 



the full sample with the open histogram. Despite the 
large distances of the galaxies and short exposure times 
for the Shallow Survey data, all systems were detected. 
The median absolute magnitudes in the Spitzer bands al- 
low us to estimate the maximum distance at which these 
objects could be detected in some of the deeper Spitzer 
fields. In the Chandra Deep Field South and the Hub- 
ble Deep Field North (each is a 1° x 0.5° field) which 
have been observed for 500 seconds, a galaxy with an 8.0 
/im magnitude equal to the median for the sample would 
be a 10cx detection at a distance of 492 Mpc. For 
a much smaller, but deeper survey like the Groth Strip 
(2° x 10') which was observed for 3 hours at each point- 
ing, these galaxies would be lOa detections at 1060 h^ 5 
Mpc (z = 0.23). 

The KISS galaxies in this sample are star-forming 
systems and, therefore, tend to have blue optical col- 
ors. Figure El shows the relationship between the mid- 



infrared [3.6] — [8.0] color and the optical B-R color. 
The small grey dots represent all of the objects identi- 
fied as galaxies in the Shallow Survey catalog (version 
1.1). For these objects we use the cataloged magnitudes 
( "a uto" aperture magnitudes determined using SE xtrac- 
tor jBertin and Arnoutslli996ft ). As noted bv lHogg et alJ 
(2005), the majority of the Shallow Survey galaxies fall 
in two limited regions of color-space. The locus of points 
with [3.6] — [8.0] ~ 0.5 contains mostly early-type sys- 
tems while the group of galaxies with redder [3.6] — [8.0] 
colors are generally late-type systems. The outliers (0 < 
B-R < 4 and [3.6] - [8.0] < -1) in this plot may be 
objects with poorly measured magnitudes because of the 
automated nature of the measurement or they may be 
objects with extreme colors. Nevertheless, the plot pro- 
vides a good way to see where the KISS galaxies fall 
with respect to colors of the galaxies within the Shallow 
Survey field. The KISS galaxies are denoted by three dif- 
ferent point types in this and all subsequent plots. We 
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Fig. 4. — Histograms of galaxy absolute magnitudes in the B, 3.6 fim, and 8.0 fim bands. For the B-band histogram, the histogram 
under the black line indicates the distrution before correcting for internal extinction, while the shaded grey histogram is for the extinction- 
corrected distribution. The dashed lines indicate the median magnitudes of the sample in each band. Note that these galaxies have been 
selected to have Mj > -18, but there are 3 galaxies that are brighter than that limit. 



denote the four galaxies that turn out to be more lu- 
minous than Mb = —18 after the correction for internal 
extinction by x 's. The two galaxies for which the spectra 
are not good enough to determine whether a correction 
for internal extinction should be applied (or to measure 
an abundance) are denoted by open circles. The rest of 
the galaxies are denoted by filled black circles. These 
objects have enough data to indicate that they are prob- 
ably true dwarf galaxies by our luminosity criteria. The 
optical colors for the KISS galaxies in Figure El have not 
been corrected for extinction for consistency with the col- 



ors of the full galaxy sample. While the KISS galaxies 
are blue optically, they span the red end of the range of 
mid-infrared colors. 

The mid-infrared colors of the KISS galaxies are only 
slightly correlated with the absolute 3.6 /im luminosities 
of the systems as shown in Figured The figure indicates 
that the bluest galaxies in the mid-infrared are the lowest 
luminosity systems, but the colors have a spread of up 
to 2 magnitudes for any given 3.6 fim luminosity. 

3.2. Dust Properties 
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Fig. 5. — The distribution of velocities for the galaxies. The 
median distance at which the galaxies are detected is 115 Mpc 
for the dwarfs, galaxies with Mj < —18.0, shown with the shaded 
histogram and 120 hZ^Mpc for the full sample, which includes 
galaxies found to be brighter than Mg = —18.0 after correcting 
for extinction, shown with the open histogram. 



Figure HO and all of the subsequent figures showing the 
[3.6] — [8.0] colors for the KISS galaxies indicate that 
these systems span a wide range of mid-infrared colors. 
This range is an indication that some of the galaxies have 
very high dust-to-stars ratios while others do not, as il- 
lustrated in Figure [3 The high dust-to-stars ratios are 
evidence for strong emission from hot dust and/or PAHs, 
but without spectroscopy it is impossible to distinguish 
between a steep slope to the dust continuum and a PAH 
emission line. However, th e evidence from the study of 
low-metallicity galaxies by lEngelbracht et all l)2005[) is 
that most low-metallicity systems have a deficit of PAH 
emission, but an excess of hot dust. This analysis is cer- 
tainly consistent with the colors of these dwarf galaxies 
which also tend to be low-metallicity systems. 

The reddening at H/3 (csp) provides a line-of-sight 
measurement of the optical extinction from the dust 
llOsterhrocld irflSfll. Figure |H1 shows the relationship be- 
tween the [3.6] — [8.0] color and the cnp ratio. Two 
of the most luminous galaxies in the sample (brighter 
than the Ms=-18 cutoff after correction for extinction) 
have the highest cup ratios and very red mid-infrared 
colors. However, for the rest of the galaxies in the sam- 
ple, there is no correlation between the Cup ratios and 
the mid-infrared color. The amount of line-of-sight dust 
absorption implied by the ch/3 parameter is not a good 
predictor of the amount of mid-infrared dust emission 
present in these galaxies. The same result was found 
by Salzer & MacAlpine (1988) for the FIR emission in 
galaxies. 

3.3. Metallicity 

The KISS galaxies are low luminosity and mostly 
metal poor systems, making them potential analogs of 
the galactic building blocks at high redshift. We use 
the emission-line measurements from the follow-up spec- 



troscopy to derive the [N II] /Ha and [O IIrj/H/3 ratios 
for the galaxies. These ratios are used to determine th e 
galaxies' metallicity as described in lSalzer et al.l (J^OOSb). 
Seventeen of the nineteen galaxies have measured line ra- 
tios and, therefore, calculated metallicities. The other 
two galaxies possess noisy spectra where some of the 
emission lines needed for deriving a metallicity estimate 
could not be measured. 

While there is one super-solar metallicity source 
(KISS 2316), it has a luminosity that is brighter than 
the Mb = 18 cutoff after it is corrected for extinction. 
All of the dwarf galaxie s are significantly s ub-solar 
([log(O/H)+12] = 8.66, lAsnluud et all 12001 . The 
four most metal-rich systems are more luminous than 
Mb = —18. If one ignores these higher luminosity galax- 
ies and considers only the dwarfs, then the median metal- 
licity is 8.05 (0.25 Zq) and the galaxies span the range 
from 0.15 to 0.51 Z© as shown in Figure^ In this figure 
the shaded histogram shows the abundance distribution 
for the dwarfs while the open histogram shows the dis- 
tribution for the full sample. 

The correlation between luminosity and metallicity 
provides a probe of the relationship between the metal- 
licity of a galaxy and either the stellar mass as measured 
by the B or 3.6 /im luminosity or the mid-infrared emis- 
sion from dust as measured by the 8.0 /xm luminosity. 
Figure HTH shows these correlations for the KISS sample. 
The B-band magnitudes have been corrected for extinc- 
tion (for the 3 red, high chP sources) - the galaxies for 
which the internal extinction correction is uncertain do 
not have measured abundances so they are not plotted. 
The fits to these relations include only the dwarf galaxies 
in the sample. 

In addition to the correlation between the B-band and 
3.6 /im luminosities and the metallicity, the 8.0/im lumi- 
nosity is also correlated with metallicity. This result in- 
dicates that even in these low-metallicity systems which 
might not have PAHs, the hot dust and/or PAH emission 
is correlated with metallicity. 

The slope of the luminosity-metallicity relationship 
shown in Figure 1101 is very shallow in all three bands 
- -0.07 (8.0 /rai), -0.16 (3.6 fxm), and -0.16 (B-band). 
These slopes are in contrast with the slopes for a sample 
of KISS star-forming galaxies covering a large range in 
luminosity, —22 < Mr < —12, which h ave a steeper B- 
ban d slope of -0.28 llSalzer et al.ll2005bl computed using 
the l|Edmunds and PageMl984l) metallicity calibration as 
was also done for the KISS galaxies presented here). 
However, the slope is consistent wit h those obtaine d 
for dwarf galax y samples st udied by |Lee_el_alJ (|2fjf^), 
ISkillman etaD l|1989ft and iRicher and McCalll lll995ft 
which have B-band slopes of -0.15 and bv iShi et all 
(2005) whose dwarf sample has a slope of -0.17. These 
data provide further evidence for the dwarf galaxy re- 
lation having a flatter slope than that exhibited by the 
more luminous systems. The interpretation of the ex- 
tremely shallow slope at 8.0 /im will have to wait un- 
til we have a better understanding of the nature of this 
emission (e.g., the exact mixture of PAH and hot dust 
emission) . 

The rms scatter in metallicity around these fits is 0.17 
(8.0 /im), 0.16 (3.6 /im), and 0.16 (B-band) respectively. 
If stellar mass and metallicity are correlated the scatter 
at 3.6/xm should be tighter than in the B-band because 
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Fig. 6. — The mid-infrared versus optical colors for galaxies in the Shallow Survey (Eiscnhardt ct al. 2004, gray dots) and for KISS dwarf 
galaxies. The filled black circles show the true dwarfs in the KISS sample, the xs are galaxies that are brighter than Mb = —18, and the 
open circles are the galaxies for which an internal extinction correction is not determined. No extinction correction has been applied to the 
optical colors of the KISS galaxies for comparison with the values measured for galaxies in the full Shallow Survey sample. 
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Fig. 7. — The mid-infrared color of the KISS galaxies as a 
function of the 3.6 /im luminosity. The xs represent the galax- 
ies brighter than Ms = -18, the open circles represent the galaxies 
for which no correction for internal extinction could be estimated. 
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Fig. 8. — The relationship between the [3.6] — [8.0] color and 
the optical reddening at H/3, cup. The filled circles are the true 
dwarfs, the xs are galaxies that are brighter than Ms = —18. 



extinction is less of a factor. We do not see any evidence 
for a lower scatter or a different slope at 3.6 /im. 

Figure ^2 shows the relationship between the mid- 
infrared color (dust-to-stars ratio) and the metallicity 



of the KISS galaxies. While the figure shows that the 
more metal-rich galaxies all have red mid-infrared col- 
ors, three of the galaxies with the reddest [3.6] — [8.0] 
are low-metallicity systems. Clearly metallicity is not 
the primary factor driving the dust-to-stars ratio in these 
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Fig. 9.— The distribution of log(0/H)+12 for the KISS dwarf 
galaxies. The dashed line indi cates solar metallicity ([log(0/H)+12 
= 8.66], Asplund et al. 2004). While there are a couple of solar 
metallicity sources, all of them are luminous objects. The shaded 
region shows the galaxies with Mj fainter than -18 all of which arc 
significantly sub-solar with a median metallicity of 8.05 (0.25 Zq). 



galaxies, particularly for the low-luminosity systems. 

3.4. Star- Formation Rates 

The KISS dwarf galaxies are star-forming systems 
identified by the presence of optical emission lines. The 
distribution of star-formation rates in these galaxies can 
be seen in Figure El These star-formation rates have 
been derived from the Ha luminosity as in IKennicuttl 
( 1998), but the values have been corrected for the metal- 
licity of the systems. For the galaxies for which the 
metallicity is not determined (2 systems), the standard 
IKennicuttl l)1998fl conversion is used. The metallicity 
correction takes into account the difference between the 
number of Lyman continuum photons in solar metallic- 
ity models and models with lower metallicities that are 
closer in value to the observed abundances of our dwarf 
st ar-forming galaxi es. The correction method is detailed 
in iLee et all J2002) . The radiation field in low metallic- 
ity systems is much harder so the inferred star-formation 
rate is somewhat lower at a given Ha luminosity com- 
pared to a metal-rich galaxy. Two of the three galax- 
ies with high star-formation rates are luminous systems 
while the third is one of the galaxies with a noisy spec- 
trum so it might also be a higher luminosity source. The 
star-formation rates for the dwarf galaxies are modest 
for low-luminosity systems - the rates are not as high as 
they are in some of the most strongly star-forming blue 
compact dwarf galaxies but they are still fairly strong for 
such low-luminosity dwarfs. 

Figure IT2l shows the relationship between mid- infrared 
color and SFR for the KISS galaxies. The galaxies with- 
out an internal extinction correction do not have a mea- 
sured inetajh^ity so_the SFR determined from the stan- 
dard IKennicuttl 0998) conversion is probably an over- 
estimate. While Figure ITT1 shows that some of the low- 
metallicity systems in this sample have red [3.6] — [8.0], 
Figure ^] shows that all of the red galaxies have high 



star-formation rates. The strength of the 8.0 (im dust 
emission is much more strongly correlated with the star- 
formation rate than it is with the metallicity of these 
systems. 

4. DISCUSSION 

We have presented the observations of 19 star-forming 
galaxies from the KISS survey observed with the IRAC 
camera on the Spitzer Space Telescope. Despite the small 
fractio n of star-forming dwarf g alaxies detected with 
IRAS ilSalzer fc MacAlpinei ri988). we have detected all 
sample galaxies. Many are quite bright at mid-infrared 
wavelengths, as shown in Figures and In particular, 
the emission detected at 8.0 /xm indicates a significant 
amount of dust resides in some of these systems. 

One of the most striking features of the KISS sample 
in the mid-infrared is its diversity. This is a complete 
sample of low-luminosity galaxies that show evidence for 
star-formation through the presence of an Ha emission 
line. We find that the mid-infrared colors for some of the 
galaxies resemble those of dust-poor, low star-formation 
early-type galaxies while others have colors as red or red- 
der t han the late-type galaxy population l)Pahre et alJ 
l20f)l . The red colors are indicative of hot dust and/or 
PAH emission in these systems. The galaxies with bluer 
colors have low star formation rates and may also have a 
lower dust content or a lack of hot dust. If corruption of 
the 3.6 /jm flux by hot dust is a problem it might result in 
blue colors like those seen for some of these dwarf galax- 
ies. However, the shape of the SED shown in Figure El 
and the correlation between low star-formation rates and 
blue colors in these galaxies makes corruption of the 3.6 
/x m flux by hot dus t an unlikely explanation. 

iHogg et al] l)2005l) found that the low-luminosity galax- 
ies in the overlap between the Sloan Digital Sky Survey 
and the Spitzer First Look Survey had significantly bluer 
mid-infrared colors than the higher luminosity systems 
with similar optical colors. The galaxies in the KISS 
sample also show a significant number of systems with 
blue optical and mid-infrared colors. However, we also 
note that in our sample and, in smaller numbers (possibly 
because they were not sel ecting star-f o rmin g dwarf galax- 
ies in particular) in the IHogg et al j l)2005|) sample, the 
reddest low-luminosity galaxies are consistent with the 
reddest high lu minosity systems with comparable optical 
colors. In the Hog g et al.l 1)200 5) sample the reddest high 
luminosity objects have [3.6] — [8.0] ~ 3.9 (all compar- 
isons here are converted to the Vega magnitude system) 
but most of the late-type galaxies have colors that are 
closer to [3.6] — [8.0] ~ 2.8 . The r eddest low-luminosity 
galaxies in the IHogg et al] l)2005f > sample have [3.6] — 
[8.0] - 2.7 while the reddest KISS galaxies have [3.6] - 
[8 0] ~ 3.1. 

IHogg et all l)2005l) proposed that the deficit of red 
mid-infrared colors for low-luminosity galaxies in their 
sample could indicate that the supernova driven hot 
winds are driving dust and metals out the galaxies 
as happens to low-mass h alos in the simulations of 
iMac Low and Ferraral l|1999Tl . The correlation between 
luminosity and metallicity in galaxies has also been used 
as a probe of the relationship between a galaxy's stel- 
lar population and the build-up of metals. In the KISS 
sample we find a significant number of low-luminosity 
galaxies with very red mid-infrared colors which clearly 
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Fig. 10. — The relationship between metallicity and luminosity measured in the B, 3.6 fim, and 8.0 fim bands. The xs indicate the 
galaxies brighter than Mg = — 18 after correcting for internal extinction. The lines indicate linear least squares fits to the galaxies fainter 
than M s = -18. 



indicate the presence of hot dust and/or PAHs. This 
finding may indicate that the dust is not escaping from 
these galaxies as has been conjectured or that we are 
not probing the escaping dust. Instead we may be prob- 
ing a region very close to the star formation where the 
temperatures and possibly the dust properties in these 
low-metallicity systems might be different from those 



of the general galaxy population. This latter possibil- 
ity is would help explain the observation that 8.0 /zm 
dust emission is better correlated with star-formation 
rate then it is with metallicity. 

Figure [7| shows that some of the lowest mass galaxies, 
as indicated by their 3.6 jirsx luminosity, are also very 
blue and might be good candidates for dust expulsion 
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Fig. 11. — The relationship between the [3.6] — [8.0] (im color 
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are the galaxies for which an internal extinction correction is not 
determined. 



they have the lowest star-formation rates. 

The correlation between B-band luminosity and metal- 
licity shown in Figure has been observed before and 
our results are completely consistent with the previous 
results for dwarf galaxies. It has been noted that one 
would expect to see this relation extended into the mid- 
infrared since the 3.6 ^m emission is also tied to the stel- 
lar mass of the galaxy and that is indeed what this figure 
shows. The more surprising result is that we also see a 
correlation between the 8.0 /im luminosity and metal- 
licity indicating that even in these low-metallicity sys- 
tems, the emission from hot dust (or PAHs if they are 
present) is correlated with the metallicity of the system. 
It is unclear whether this result is due to dust grain size, 
temperature distribution in the star-forming regions, or 
some other physical property. 

While we find that the 8.0 /jm dust emission is cor- 
related with star formation much more than it is with 
metallicity in the KISS galaxies fFigure lT2|) . the connec- 
tion between the hot dust/PAH emission seen at these 
mid-infrared wavelengths and the dust responsible for 
extinction at optical wavelengths is much less clear. For 
the 2 galaxies in our sample with very high values of Cup 
(greater than 1), the mid-infrared colors are very red 
indicating high dust-to-stars ratios. However, for galax- 
ies with lower values of Ch/3, there is no evidence for a 
correlation with the mid-infrared color. These results 
are consistent with IRAS observations of star-forming 
dwarf galaxies that showed no correlation between crb 
and far infrared lumin osity ijSalzer fe MacAlpind 119881 
iKunth and Sevrell985|) . While the mid- infrared emission 
measured in these star-forming dwarf galaxies indicates 
that these systems contain hot dust and/or PAHs, the 
amount of line-of-sight dust absorption implied by the 
Ch/3 parameter is not a good predictor of the amount of 
mid-I R dust emission present a s is also the case in the 
FIR USalzer fc MacAlmndll98l . 

The mid-infrared observations of these star-forming 
dwarf galaxies have highlighted some surprising features 
of these systems which need to be investigated fur- 
ther. The spectral energy distributions from the opti- 
cal through 24 //m (and in a few cases through 160 /im) 
in these galaxies will be presented in a forthcoming pa- 
per and will provide a much more detailed look at the 
properties of the stars and dust. In addition, it will be 
important to obtain systematic spectral observations of 
a sample of these dwarf galaxies to resolve the question 
of whether the mid-infrared emission is due to hot dust 
or the presence of a PAH feature at these wavelengths. 



by the winds. These are the same galaxies in Figure ITU1 
that are low luminosity at 3.6 /im and B-band and are 
also low metallicity, possibly further corroborating the 
notion that some of the metals and the dust is escaping. 
On the other hand, there are also low-mass galaxies that 
have red mid-infrared colors, indicating that they have 
been able to retain their dust, but are still low-metallicity 
systems. Clearly a measurement of the dynamical mass 
of these galaxies, rather than just a measurement of the 
stellar mass, is important for determining whether the 
galaxies with blue colors are the lowest mass halos. Al- 
ternatively, these galaxies with blue colors in the mid- 
infrared may just be producing less dust or be less ef- 
ficient at heating it rather than losing it in winds since 
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2344 


H1430 


3113 


14:31:03.6 


35:31:14.8 


4166 


16.06 


-17.75 


-17.75 


0.44 


0.248 


217.2 


40.12 


-1.041 


0.468 


8.275 


0.04 


2346 


G1430 


3224 


14:31:14.4 


33:19:13.2 


10819 


19.09 


-16.80 


-16.80 


0.67 


0.197 


122.8 


40.49 


-1.661 


0.800 


7.836 


0.07 


2349 


H1430 


3139 


14:31:20.0 


34:38:03.8 


4396 


17.30 


-16.63 


-16.63 


0.52 


-0.012 


396.4 


40.48 


-1.300 


0.665 


8.043 


0.08 


2357 


G1430 


1974 


14:31:39.2 


33:26:32.3 


10759 


18.21 


-17.67 


-17.67 


0.58 


0.504 


27.4 


40.40 


-0.808 


0.461 


8.368 


0.09 


2359 


H1430 


1039 


14:31:49.3 


35:28:40.0 


22512 


20.02 


-17.55 


-18.03 


0.64 


1.350 


76.7 


41.66 


-0.452 


0.161 


8.625 


2.09 


2368 


G1430 


376 


14:32:18.9 


33:02:53.7 


10972 


18.88 


-17.05 


-17.05 


0.76 


0.193 


245.4 


40.84 


-1.316 


0.818 


8.033 


0.18 


2382 


H1434 


5378 


14:34:08.0 


34:19:34.4 


6813 


17.07 


-17.81 


-17.81 


0.35 


0.100 


33.4 


40.03 


-1.049 


0.440 


8.282 


0.04 


2398 


H1437 


8675 


14:36:33.1 


34:58:04.4 


9006 


17.50 


-18.01 


-18.01 


0.46 


0.187 


35.8 


40.33 


-0.764 


0.368 


8.417 


0.08 


2403 


G1437 


5761 


14:37:42.6 


33:36:26.7 


12047 


19.91 


-16.24 


-16.24 


0.36 


0.362 


103.8 


40.38 


-0.798 


0.506 


8.357 


0.09 


2406 


H1437 


3649 


14:38:27.8 


35:08:59.0 


8641 


17.51 


-17.89 


-17.89 


0.49 


0.185 


19.4 


40.38 


-0.915 


0.394 


8.348 


0.09 



B-band absolute magnitude corrected for internal extinction using the ad hoc method from Melbourne and Salzer 1 2002) (This correction is only applied to the three galaxies in the sample that arc optically- 
red and have a high c H p. For all other galaxies M fl g = Mg.) 

2 B-V color corrected for Galactic absorption 
3 

decimal reddening coefficient 

4 log (O/H) + 12, which is a measure of mctallicity. For details of the calculation see lMel bourne and ^alzeJ and l^alzer et all I^MKbh . 

^star-formati on rate ca l culate d from the Ha luminosity using the prescription of IKennicuttl 119931 and then corrected for the effect of mctallicity when an abundance measurement is available using the 
prescription of lbee et""aT1 12003) . Two of the galaxies in the sample do not have measured abundances because the lines in these spectra are not high enough signal-to- noise to determine robust values. 
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TABLE 2 

2MASS and NOAO Wide Deep Survey Photometry 



KISS# 


Field 


ID 


J2MASS 


H-2MASS 


K-2MASS 


Rndwfs 


Rndwfs 


Indwfs 


Kndwfs 


2292 


H1426 


8731 








17.67 


16.50 


16.03 


14.55 


zouu 


G1426 


6944 








1Q 7f! 


19 12 


10.01 


17^ 

1 1 .00 


2302 


H1426 


5703 








18.20 


17.43 


17.07 


14.89 


2309 


G1426 


4670 








17.93 


17.16 


16.73 


15.75 


2316 


G1426 


1167 


16.0 


15.2 


14.8 


18.50 


17.11 


16.57 




ZO-LO 


H1426 


9QQ 








iy.00 


18 11 


1 7 zLfi 


1 ^ 77 
10. / / 


2322 


G1430 


9529 








17.56 


16.66 


16.21 




2326 


G1430 


7761 








18.03 


17.35 


17.06 




2338 


H1430 


4786 








18.94 


18.06 


17.73 


16.01 


2344 


H1430 


3113 








17.14 


16.50 


16.22 


15.22 


2346 


G1430 


3224 








19.07 


17.97 


17.30 




2349 


H1430 


3139 


16.3 


16.2 


15.5 


17.33 


16.58 


16.32 


14.90 


2357 


G1430 


1974 








18.21 


17.23 


16.85 




2359 


H1430 


1039 








20.07 


18.88 


18.38 


16.50 


2368 


G1430 


376 








18.87 


18.02 


17.72 




2382 


H1434 


5378 


16.4 


15.0 


15.5 


17.11 


16.37 


15.99 


14.51 


2398 


H1437 


8675 








17.60 


16.68 


16.26 


14.82 


2403 


G1437 


5761 








19.99 


19.16 


18.81 




2406 


H1437 


3649 


16.0 


15.4 


15.2 


17.57 


16.63 


16.20 





TABLE 3 
Spitzer IRAC Photometry 



KISS# 


Field 


ID 


R3.6 ["] 1 


Ellip. 2 


[3.6] 


<73.6 


[4.5] 




[5.8] 


<75.8 


[8.0] 


0-8.0 


2292 


H1426 


8731 


12 


0.11 


14.31 


0.07 


14.29 


0.09 


13.53 


0.17 


12.15 


0.07 


2300 


G1426 


6944 


10 


0.32 


16.59 


0.19 


16.32 


0.24 


15.96 


0.51 


14.40 


0.19 


2302 


H1426 


5703 


14 


0.32 


16.05 


0.15 


16.03 


0.21 


15.81 


0.47 


15.04 


0.25 


2309 


G1426 


4670 


12 


0.16 


15.40 


0.11 


15.43 


0.16 


14.92 


0.32 


14.18 


0.17 


2316 


G1426 


1167 


14 


0.07 


14.15 


0.06 


14.09 


0.08 


12.61 


0.11 


10.61 


0.03 


2318 


H1426 


299 


14 


0.35 


15.50 


0.11 


15.31 


0.15 


14.68 


0.28 


12.27 


0.07 


2322 


G1430 


9529 


20 


0.22 


14.76 


0.08 


14.68 


0.11 


14.31 


0.24 


12.93 


0.10 


2326 


G1430 


7761 


14 


0.19 


15.39 


0.11 


15.33 


0.15 


14.56 


0.27 


13.18 


0.11 


2338 


H1430 


4786 


14 


0.18 


15.82 


0.13 


15.49 


0.16 


14.60 


0.27 


12.89 


0.09 


2344 


H1430 


3113 


70 


0.70 


12.66 


0.03 


12.53 


0.04 


11.56 


0.07 


10.80 


0.04 


2346 


G1430 


3224 


12 


0.08 


15.88 


0.14 


15.80 


0.19 


15.25 


0.37 


13.67 


0.14 


2349 


H1430 


3139 


20 


0.32 


14.39 


0.07 


14.10 


0.09 


12.94 


0.13 


11.47 


0.05 


2357 


G1430 


1974 


20 


0.57 


15.19 


0.10 


15.01 


0.13 


14.89 


0.31 


13.42 


0.12 


2359 


H1430 


1039 


12 


0.05 


16.14 


0.16 


15.96 


0.20 


15.69 


0.45 


13.03 


0.10 


2368 


G1430 


376 


14 


0.37 


15.89 


0.14 


15.45 


0.16 


14.57 


0.27 


12.75 


0.09 


2382 


H1434 


5378 


20 


0.37 


14.17 


0.06 


14.16 


0.09 


13.47 


0.16 


12.07 


0.06 


2398 


H1437 


8675 


30 


0.44 


14.27 


0.07 


14.17 


0.09 


13.39 


0.16 


11.98 


0.06 


2403 


G1437 


5761 


14 


0.35 


16.96 


0.23 


16.78 


0.29 


15.81 


0.47 


14.88 


0.23 


2406 


H1437 


3649 


20 


0.14 


14.25 


0.06 


14.26 


0.09 


13.40 


0.16 


11.93 


0.06 



1 The semi-major axis of the aperture in which the flux was measured 
2 The ellipticity of the fit aperture 



This figure "fl_lanl.jpg" is available in "jpg" format from: 



http://arXiv.org/ps/astro-ph/0509566vl 



